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ABSTRACT  ;g KFf V/ORD 

theoretical analysis was developed for predicting the flow properties 

in the nixing region between a particle-laden, turbulent rocket exhaust 

and a surrounding air stream. It was assumed that the turbulent boundary 

layer equations, modified to account for particles, were valid within the 

mixing region.—xln treating the chemical aspects of the problem it was 

assumed that the (flow was in equilibrium in accordance with three chemi- 

cal reaction equations,\ The chemical species comprising the flow were 

limited to the following:) HgO, Hg, 02, CO, G02, N2, HC1, Al, Al^, and 

one additional inert species which remained as an inpuE" selection^ The 

phenomenological model employed for the turbulent transport coefficients 

is discussed in detail and compared with various other models. 

The solution of the partial differential equations was obtained by trans- 

forming the equations using the von Mises transforoationrjexpressing the 

transformed equations in finite-difference form, an^eolving the resulting 

equations utilizing a computer program developed for the SRU 1107. 

Results from the computer program were successfully compared with experi- 

mental results obtained from air-augmentation, free Jet, and fuel injection 

experiments. Output data from the computer program comprises velocity, 

temperature, density, species concentration, and Mach number profiles 

at various axial locations along the mixing region., 

Gas-Particle Flow 

Mixing Analysis 

Chemical Reactions 

\ Turbulent Flow 

Eddy Transport Coefficients 

Air Augmented Rocket 

Supersonic Combustion 
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NOTATION 

area, ft 

width of mixing zone, ft. 

constant in eddy viscosity expression, ft. 

concentration of species i, Ibm of i/ltm of mixture 

specific heat at constant pressure, B/lt«n-0R 

molecular diffusion coefficient, ft /sec 

internal energy, B/lbm 

gravitational constant, 32.17 lbm-ft/lbf-sec 

static enthalpy, B/lbm 

heat of formation, B/lbm 

mechanical equivalent of heat, 778 ft-lb/B 

equilibrium constant 

forward reaction rate constant, ftvlb-mole sec 

reference length, ft. 

ftrandtl's mixing length parameter, ft. 

turbulent Lewis number 

mass flux, Ibo/ft -sec 

particle density, Ibm of /»/ft3 of 

Mach number 

exponent in eddy viscosity expression 

static pressure, psfa 

turbulent Prandtl number 

universal gas constant, 1544 ft-lb/lb-mole •R 

REV LTR 

U3 4288-2000 REV. 6/6« 

0iF£i/V£7 NO. D2-36251-1 

SH. 

Lwrkf'iiV- ■■'■'■'iJii „■:■-:• ■ ,^ ^•■iU^--..-:- ifell.i 

•tUtav^aa.^.^,.^.:^ .^M.i^^^i^.Aa^.J.aaaiJjtiiiaieatjiia^K-k ..- ■   , .^^i^»^... . ij^,^..,, ......„.., 



'  '  '  ' "' ' I   

r 

Sc 
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wi 
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S 

e, 

radius, ft. 

turbulent Schmidt number 

etatlc temperature, 'R 

axial velocity component, ft/see 

radial velocity component, ft/sec 

net rate of production of species i, Ibm/ft -sec 

molecular weight of species i, Ibm/lb-mole 

axial distance, ft. 

radial distance, ft. 

exponent for two-dimensional ( * =0)  or axLsyinnetric 

flow ( S  =1) 

eddy diffusivlty, ft2/8ec 

gas density, Ibm of gas/ft^ of gas 

'p 
particxe aensixy, xan oi 

cr similarity parameter 

r 
2 

shear stress, lb/ft 

V stream function, Ibn^sec 

Subscripts 

D mass diffusivlty 

£ gas 

H heat diffuaivity 

i species 

m, n grid point coordinates 

P particle 

V momentum diffusivity 
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1.0 INTRODUCTION 

1.1 P^neral Remarks 

^^ 3^1.= in^ th. tur^nt ^^ of «lU-c-pon«* gas« 

w m^ in . n»»« of flow problo».   Ex^« of «oh probl«. « 

thoM port^o^ to .ao. h«^. «K« ^^ ^f ^... loo. of o- 

^cation du. to pi», auction, aM »at r,o.ntly. a* a^t.Uon. 
^-♦«••n two movinÄ streams have 

Pvml^ental atudi.a of the ntolng proca. b.t«.n t« moving 

b..n oo^uct- ovon t.. paat aevona! .ana ^ v^ ^a« of «oo.... 

H^. It - .aan ^ «oentX.. «It. tH. advant of ^-ap«d ^utona. 

that algnlfloant pno^aa, ha, bean achieve In anaO.tlcan. prodlotln. 

propartla, »Itbln tur^ont adxln, raglona.   An «oaUant .onograph d.a- 

crlbl^ th, raoant thaoratloal deva^anta partalnlng to turbnlant Jat 

rixlng haa been oompll«! by Abramo1rich (l)». 

Haoant mentation atudlaa IMlo.t. that accnrat. prediction of angina 

perforce r^ne. . detalXed study of the ^ng region between a roOcat 

^ 3et a- a oonfln«i aeoo^ air .tree».    Sine. rooK.t «haut 

ga.e., in gen^a! oontaln exoee, fuel, not onXy .uat the ^ng pro«.. 

b. anal^, but lao oh^loa! neeotlon, »at b. ta^en Into oonalderatlon. 

^ problem 1. further oomplloated by the faot that th. entire flow la 

conflnad within a duct, thua nec.a.ltatlng th. conaldoratlon of a^al 

pr..«« gr^nta.    Analy... of flow. .IMlar to thoa. fou^ In thl. 

typ. of probl^ bav. «cntly been developed by Ubby (a) «- VUlllu (3). 

Ubby, for axample, ha. an^ed th. unconmed cdxad flow fl.ld for 

eupereede   equation .tudle. aaaumlng culUbrl-   ob«l.try;   where.. 
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Vasiliu assumed nonequllibrlum chemistry In his analysis of the mixing 

between a rocket exhaust Jet and a supersonic air stream. Mikhail (h), 

on the other hand, has treated the mixing of coaxial incompressible streams 

in a duct but did not consider chemical reactions. 

1,2  Scope of Present Analysis 

The analysis and associated computer program described herein were developed 

specifically for the air-augmentation problem. However, it should be noted 

that the computer program may be employed for other problems.  The primary 

objective of the analysis was to provide a method for calculating the 

velocity, temperature, and composition profiles in the mixing region between 

a fuel-rich rocket exhaust and an air stream confined within a duct of 

specified geometry. Since the exhaust of solid propellent rockets often 

contains solid and/or liquid particles, the analysts was developed for 

either gas-particle systems, or systems consisting solely of gaseous species. 

In treating the chemical aspects of the problem it is assumed that the flow 

Is in chemical equilibrium iu accordance with three chemical reaction 

equations; or, if desired, the flow may be treated as frozen. Ihe total 

number of chemical components comprising the flow is limited to a maximum 

of ten species. 

Ihe flow model employed for the analysis is presented in Figure 1. At the 

periphery of the rocket nozzle exit, where the air stream and rocket 

exhaust first come into contact, a mixing region is assumed to begin. As 

the flow moves downstream, the mixing region widens on both sides of the 

plume sllpline - the inner boundary approaching the duct centerllne and the 

outer boundary the duct wall. At some distance downstream from the nozzle 

REV LTR 

U3 4268-2000 REV. 6/64 

0ajEf*'&_ NO.    D2-36251-1 

SH. 12 

liifiliiiniMriiMtiMf-"-'J—t"",-s"tL,|a"-':"-^" 

? 

^a^^^-Am^^^a.^^^ -r.« ,-,■ ,        ,   .gM 



•—^-^^mg^mmmmmm^mmmii^^mmmmmK^mmmmmmmmm wmmimmmmmmmmmm mummimmmmmimMmmmmmmmmimmm 

.. 

REV LTR 

U3 4288-2000 REV. 6/64 

meMigeL NO. D2-36251-1 

SH. 13 

...         „  ■ -  .—— . ...    .-. 

'^'"--—'■-■' ■-   -■'■-'--■"•---■-■"-■^--    ■.iiiHin.^M-iKirniir ■■■.^.^-.~,-»J^>.^^..^..-.. . —.,       -.i   



■■■ ii i mmmmm^m —> 

t 

the mixing region may be considered to extend across the entire duct. la 

establishing the coordinates of the plume sllpline the method of character- 

istics solution is employed (5). In the areas outside the mixing region, 

the flow is considered to be inviscid with uniform properties in the 

radial direction. Within the mixing region turbulent transport processes 

are assumed to prevail with all molecular transfer considered negligible. 

This assumption is Justified for the problem under consideration since 

the flow is generally turbulent, and the turbulent transport coefficients 

are usually at least an order of magnitude greater than their molecular 

counterparts. The phenomenological model employed for the turbulent trans- 

port coefficients in the present study is discussed in detail and compared 

with various other models. 

The major assumptions employed in the development of the analysis are as 

follows: 

1. The flow is either axisymmetric or two-dimensional. 

2. The entire flow field is turbulent. 

3. The gas obeys the perfect gas law. 

Iu The radial pressure gradient across the mixing zone is negligible. 

5. Mass transfer due to thermal and pressure gradients is negligible. 

6. The turbulent Prandtl and Lewis numbers of the gas are constant but 

may have values other than unity. 

7. The particles may have a turbulent Lewis number different than that 

of the gas. 

8. The velocity and temperature lags between the gas and particles 

are negligible. 
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9. The volume occupied by the particles is negligible compared to that 

of the gas. 

10. Ihe boundary layer between the mixed flow and the duct wall is 

neglected. The boundary layers in the rocket exhaust and tue; air 

stream at the initial point of contact, however, may be considered. 

11. The turbulent boundary layer equations are valid within the 

mixing region. 

1.3 Computer Program 

The solution of the partial differential equations is obtained by first 

transforming the equations using the von Mises transformation, expressing 

the transformed equations in finite-difference form, and then solving the 

resulting finite-difference equations utilizing a computer program 

developed for the SRU 1107« Details of the computer program are presented 

in Reference 6. Consideration is given to the stability and convergence 

of the solution utilizing the criteria established by Wu (7). 

The parameters which must be input to the program are as follows: (a) the 

initial conditions of velocity, temperature, pressure, and species con- 

centrations of the two streams, (b) axial step-size, (c) duct geometry, 

(d) plume slip-line coordinates, (e) the turbulent Lewis and Prandtl 

numbers, and (f) computer control information as noted in Reference 6. 

The output data comprises velocity, temperature, density, species concentra- 

tion, and Mach number profiles within the mixing region at various axial 

locations; axial pressure distributions; and axial thrust acting on the 

duct. 
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The major limitations of the program are as follows:  (a) the calculations 

are valid only in the temperature range U5OR to 9950R, (h) the gaseous 

species which may considered are limited to HgO, CO, CO2, Hg, Og, N2, HC1 

Al; in addition, provision for one additional inert specie has been 

incorporated in the program, and (c) the particle specie which may be 

considered is Al 0 . 

Typical run time of the program is 10 minutes for a case involving a rocket 

nozzle radius of 0.21 ft, a duct radius of 0,56 ft, axial step-size of 

0,01 ft, and a total axial distance of 6,0 ft. 
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2.0 

2.1 

DERIVATION OF THE GOVERNING EQUATIONS 

Fundamental Equations 

2.1.1 General 

•Die derivation of the fundamental equations contained herein parallels the 

derivation of the steady-state turbulent boundary layer equations for 

gaseous systems. The effects of particles are included with the assumption 

that the particles and gas are in dynamic and thermal equilibrium, i.e., no 

velocity or temperature lags. "Die particles, therefore, are not treated 

as discrete droplets, but as chemical species which have properties corre- 

sponding to their respective liquid or solid phases. In determining the 

mass transfer of the particles resulting from turbulent mixing, it is 

assumed that the particles do not follow the random motions of the gas, but 

due to their Inertia diffuse more slowly than the gas. The  derivations 

that follow pertain to a two-dimensional flow model and later are expanded 

to include an axlsymmetric flow system. 

2.1.2 Global Continuity Equation 

Consider a rectangular control volume located within the mixing region as 

shown in Figure 2. It is assumed that variations in the z-direction are 

negligible. The flow entering the elemental volume in the x-direction 

consists of a gas-particle mixture with en average axial velocity u. All 

the flow properties are assumed to be time-averaged values consistent with 

turbulent theory (8). The total mass flow entering the volume in the 

axial direction is 

yfi/A3 +  tnpu/}p 

1  - 

REV LTR 

U3 4288-2000 REV. 6/64 

00£//va |Na    D2-36251-1 
Is*. 16 

-j 'm-^-—,--i ■  -■■ -  .-..-..-.—— 

" -- '■ 'M,*ll'fcj^llA*tf-*t-a,iLi~->---"  ■-- -- ^-    -■-■-■'" -■ -—.^.-^-^Iw  



tm' 

iY 

^UAV AZ 

—6*— r 

Al 

^ 

fi-V  A^CAY 

^ 

FIG. 2     Control Volume for Gas-Particle 
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*m-* 

where /o and h*p are the densities of the gas and particles, respectively, 

and A- is the flow area occupied by the gas and >»„ that by the particles. 

Tfeen 

Assuming /^^and letting /o    equal the weight of particles per unit 

volume of gas, yields 

for the total axial mass flow into the volume where 

/*    -     /*>,     +  /Op 

The axial mass flow leaving the volume is given by 

The net change in axial mass flow is 

Similarly in the y-direction the net change is 

Conservation of mass yields 

^o)  + IKC/
3
^ 

= 

CD 

for the steady-state global continuity equation. 

2.1.3 Species Continuity Equations 

The species continuity equations are derived from mass balances for each of 

the chemical species. The mass balance for component "i" of the mixture 

REV LTR 

U3 «288-2000 REV. 6/64 

mmmmummm 

Bax/A/c NO. D2-36251-1 

SH. 18 

»* .——   .ir      f. .:   .    .-.-.-. ,   ■ ....  

^■^t^.^/..^. ^  ^.^^^.^^^.^^^^^ 



-. .-7. . BnBB^BBBHHl 

>.   -.,-.■ 

flowing through the control volume consists of terms involving (a) the net 

mass change due to the flow entering and leaving the volume and (b) production 

(or depletion) of the species as a result of chemical reactions*    The net 

transfer of component i in the x-direction due to the fluid motion is 

where C. is the mass fraction of component i (mass per unit mass of mixture) 

and U. is its mean axial velocity.    Similarly in the y-direction the net 

transfer is 

-^-(/"CyIt) 4*A/A* 

The net rate of production of component i is given by 

U/j AXA/A-Z- 

A mass balance for component i yields 

According to theory (9) the term /oe.u-   may be expressed in terms of 

diffusion and convectlve fluxes.    Thus 

jo c- u-  =   to. +    yOC.U 
(3) 

where   fy^K is the diffusion flux resulting from concentration gradients 

and   P cv ct    is the convectlve flux due to the bulk motion of the fluid. 

By bulk motion is meant the average macroscopic motion of the flow in 

which the axial bulk velocity u, is defined by 

^ = Zc.uj 
-«-i 

(4) 

.;;!, 
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J 
vhere ft  is the total number of epecies comprising the mixture. For 

molecular diffusion the flux  /TT,-, , may be expressed as 

^ s -^ T? 
(5) 

where D. is the molecular diffusion coefficient for component i. For tur- 

bulent diffusion it has been shown theoretically (9) that a similar expres- 

sion is valid with the molecular diffusivity replaced by its turbulent 

counterpart, Thus, 

(6) 

where    & ■     is the eddy mass diffusivity of component i.    Similarly in the 

y-direction 

^ -/^ 
SC 

"^ 9/ (7) 

Substitution of equations 3, 6, and 7 into equation 2 yields 

Expanding the above equation and substituting the global continuity 

equation yields 

?/  '   ^x *? 

It is generally assumed, based on an order of magnitude analysis, that the 

first term on the right side of the above equation is negligible.    Thus 

the species continuity equation for component i becomes 

pu 1& 
ax 

+  /OZr ^CJ.  r    iLf^ 
*y 

15. 
■)   . 

7 
US- 

A. 

(8) 
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Hie net rater, of production of the specieR are determined from a considera- 

tion of the chemical aspects of the problem. A detailed discussion of the 

determination of 6c^  is presented in Section h herein. 

The species continuity equation developed above is generally assumed valid 

for gaseous species, with the eddy mass diffusivitles taken to be Identical 

for all species. However, for particles further consideration must be given 

to the turbulent transport mechanism. The turbulent motions within a gas 

are usually conceived as macroscopic "lumps or eddies" of fluid moving 

randomly from one region to another. For gas-particle systems it seems 

unlikely that the particles, due to their inertia, are capable of following 

the random fluctuations of the gas. Consequently, the net transfer of part- 

icles from one region to another is likely to be considerably less than that 

of the gas. This difference in the turbulent transport of gas and particles 

may, in theory, be accomplished by employing different values for the eddy 

mass diffusivitles of the two components. Ihus, in the present analysis two 

values of the eddy mass diffusivity are employed - one for the gas and the 

other for the particles. A detailed discussion of the numerical values to 

be employed for the eddy mass diffusivitles is presented in Section 3 herein. 

2.1.U  Momentum Equations 

Bie axial momentum equation is derived by equating the net change in axial 

momentum of the fluid flowing through the control volume to the net axial 

forces acting on the control boundaries. Thus 

dx zy        " ' ax   ar (9) 

''■'  
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where TT., is the shear stress which, for turbulent flow, may be expressed 

In terms of the velocity gradient and the eddy momentum diffusivity. Thus 

J*y s-'^r l)y 

Expanding equation 9 aocl substituting equation 1 yields 

^    Tx   * ^     vy -z*        B/ do) 

Employing the usual boundary layer approximations and an order of magnitude 

analysis, the y-direction momentum equation reduces to 

7>y 
= o 

2.1.5  Energy Equation 

The energy equation is derived following the methods of Schlichting (10) 

and Vasiliu (3). For an observer moving with the flow the First Law of 

Thermodynamics may be stated as follows: 

rate of Increase 
of internal energy •1-t rate of heat added to the system ]•[ 

work done by the system 
boundaries on the 

surroundings 

The net change in Internal energy of the gas-particle fluid flowing through 

the control volume may be expressed as 

>e ^e dE '-    (^Uif     *   ^T^} AX A/A? (11) 

or 

dF =   /* Pt 
AXAY&i (12) 
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where 

u 
Zx 

+     ir 
*y (13) 

Is the suhstantlal deiivative for steady-state and e is the internal energy. 

From the definition of enthalpy, h^e + P/p,  the substantive derivative of 

the internal energy may be written as 

Pe Ph    _ P   (Vp) 
pt     '      Pt Ptr 

where the enthalpy of the mixture is given by 

„ /J T 

(^) 

(15) 

The heat of formation    ^h^-, is evaluated at the reference    temperature, 

0oR.    The substantive derivative of enthalpy is 

n 
PA  - 
Pt 

(16) 

Substitution of equations 1!+ and l6 into 12 yields 

p(r/s>) 
Pt 

or 

<*£ = P ÜT'dTPt ' Pt> ^ Pt 
L    >=( 

AX A/At 

AX Ay A* 

But 

and 

^'   =    C. 
Jr 

H^. = c. 
Thus, the net change of the gas-particle internal energy becomes 
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teApt* pt pt   ^ ^ 
^ y ^//i ? 

(17) 

The heat transferred or added to the control volume is assumed to be that 

resulting from the following processes:    (a) conduction and diffusion,  (b) 

frictional heating,  and (c) cheiuical reactions.    Ihe net heat transfer in 

the y-direction due to conduction and diffusion may be expressed as 

r "1 

where   €H  is the eddy diffusivity for heat and   vj   is the y-direction 

diffusion velocity of component 1 defined by 

i^r  = 

Thus the net heat transfer term becomes 

J<?y -- [^7 (^" ^) * % ^e« h-- #1 4x/jy^z 

Expanding the second term in the above equation and substituting the species 

continuity equation yields 

dqy 

C     J>SU*f\ 
+   ^^R 

4X &Y&2 (18) 

The frictional heating term is assumed identical to that generally employed 

in boundary layer analyses.    Thus 

i 

w* = ?** (ly) A**y** (19) 

REV LTR 

U3 4288-2000 REV. 6/6« 

eßgjgß. NO.     D2-362$l-l 

■ J........     ..         ■   ...         ^     ...     ■ .■>..-■-  -   ■ . — ..A..   ■■:■■.■....... 



n ipjjpijijffitj^^iwjgjqs^fj^ 
-: ■i-; -;■. ^v1vr,^.'---^«>"=;^r^I?>;TTvv" *»m w.m mpi •laipui 

' 

ft. h«t release a« to chemicl reaction 1= .==ounteä for by looludlo« the 

heat of formtlon la the eathalpy tern for each exponent.    *us the enthalpy 

of the mixture is 

(20) 

The net rate of work done by the control volume surface forces on the 

surroundings is shown by Schlichting to be given by 

(21) 

Employing equations 17, l8, 19 and 21 the energy equation becomes 

T,e  second term on the right side of the above equation may be simplified 

utilizing the global continuity equation. Thus 

/0~±— -     pt P     Ot Dt \ ** *'   ' 

Thus the energy equations becomes 

JTT i'1— ■ 

(22) 
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2.1.6   Equation of State 

The equation of state for the gas-particle mixture is developed based en 

the assumptions that (a) the gas obeys the perfect gas law and (b) the 

volume occupied by the particles is negligible. Consider a unit mass of 

mixture comprising a mass C^ ,  of gaseous products, and a mass C,^ of 

particles. The total volume of the mixture is given by 

hi. 

l 
P 

vhere Mp  and ^   are the densities of the particles and gas, respectively. 

Assuming that the partial volume occupied by the particles is negligible 

the expression for the total volume becomes 

(23) 

The equation of state for the gaseous phase is 

p '/*,*>, r 
(2U ) 

where Rg is the gas constant for the gaseous components, which may be 

expressed in terms of the universal gas constant and the gas molecular weight. 

Thus 

*5 = Wa 
(25) 

where 

(26) 
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MM^M 

^ .««cu is Perfol only for toe 6eSeOTS species - «, -^ the tots! 

„„er or .sseous =0^«.    - to** ae.s», 0. the — is obtaioe. 

from equations 23-26.    Thus  

A- -.-'      1 
(27) 

2.LT     mernatejbrsa^fjhe^^ ^atiotll 

^e sovemin« equations ^ .e expressed in aiternate ^ employ 

aimenSionieSs .at.os invoivin, t.e eäay ai—ties.    ^ -nnition t.e 

turbulent Lewis and F^andtl numberß axe 

/      -   f£± 

/^A-      S 

(23) 

(29) 

vhere ,   and C. are t.e density and specific heat of the gas-particle 

^e, respective^, ^i. these dimensioniess numbers the .ndanen.aX 

equations, in axisymmetric coordinates, become 

Global Continuity: 

- o 
(30) 

^r 

Species Continuity: 

^T?   +/9V^ ̂  = ^r U^Tt ^   * "' (31) 

Momentum Equation: 

ax 
(32) 

REV LTR 
_sgM£*£- NO. 

SH. 

D2-36251-1 

27 

U3 4288-2000 REV. 6/6« 

-       - "     .  . ,     .,■ i 

^t^^.h^^^^aä^iaaM^Aj^^-, .      ,.        . -■     ■. ..... aii^^^^-.i^^a^%At|te.i|gMfl.f|igi| 



u. u wH^Mpmpuqi ^^^mmm^mmMm^mmm'^^^mimmmmmifwmKfll^. «■   '  '    ■'•I ^^^^mmmmmmm 

i 

L | , 

Energy Equation: 

c,(s"if '^-IF) = -1?' ^m' * -P^C'^% & 

Equation of State: 

(33) 

(3M 

The exponent for the terms    tg, makes the equations applicable for either 

two-dimensional (/=o) or axisymmetric flow (/--i).    A system of (4 +  "   ) 

simultaneous equations are therefore available for äetennining the unknown 

parameters    u, -v, r, /», Q , «^, and    £„    .    Thus,  a solution may be obtained 

If appropriate expressions for the parameters      cl^     and  ^ are available 

in terms of the remaining unknown parameters.    Such expressions will be 

developed later herein; however,  for the present these parameters will 

be retained in their present form with the assumption that suitable 

expressions are available. 

2.2      Transformation of the Fundamental Equations 

In obtaining a solution it is convenient to transform the above equations 

utilizing the von Mises transformation.    Instead of the ^isymmetric 

coordinates x and r (or the cartesian coordinates x and y) the stream 

function    V  ,  is introduced as one of the independent variables replacing 

the r-coordinate.    The x-coordinate is not affected by the transformation. 

By definition the stream function is 

z     /OU /-' 

-/OVt 

(35) 

(36) 
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which when 

yields 

substituted into the global continuity equation (equation 30) 

Thus, the continuity equation is satisfies identically since 

5V 

The transformation of the remaining equations is accomplished by noting, 

from the chain rule of the calculus, that 

=^-' (^i ^ (I? i 
where f represents any of the dependent variables.    Hence, the transformed 

equations become 

Species Continuity: 

J±!± (37) 

Momentum Equation: 

3* .ou  dX Ziy 

*r "Zu 

(38) 
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Energy Equation: 

(39) 

In order to obtain the solution in the physical plane (x, r),  it is 

necessary to transform the ^ -coordinate to the r-coordinate.    From the 

definition of the stream function, equation 33, the r-value corresponding 

to any /''-value is given by 

-(rr   """.fef" (hO) 

where r is the r-value corresponding to the reference streamline, //= 0. 

Shown in Figure 3 is the orientation of the x-r coordinate system and the 

location of streamlines for a typical problem. 

2.3 Development of the Finite-Difference Equations 

The finite difference technique of solving differential equations consists 

of replacing the partial derivatives by finite difference ratios, which is 

equivalent to physically replacing the continuous flow field by a network 

of finite elements. Consider the flow field illustrated in Figure k  and 

assume it to be divided into a number of elements having grid sizes of AX 

and Ap .    If, in addition, it is assumed that values of all the flow 

properties arc known along the vertical line designated m, referred to as 

"front m", it is then possible to calculate the flow properties at front 

m + 1 in the following manner. 

REVLTR  A 

U3 4288-2000 REV. 6/64 

MO&rMP NO.    D2-36 251-1 

SH. 30 

       -    ' '   i'   ——■» 

   ttM|M^r^,^^^a^^ 



•iiiK.xRW», Lii|iiiLi>i>iiin*^^^n)nv«E«9ii«pMnpiqpqn««nnvwpwii«IPF< 
mgm 

I.. 

REV LTR 

Ul 4288-2000 REV. 6/64 

- —  »—__—. 

trartvc NO.       D2-36251-1 

SH. 31 

 -—^■■ — ~-"- -■      ■   .,. -.- ^    .      MaaiiSin'wii'ji-i 



— 

\ ,-- 

REV LTR 

1 U3 «288-2000 REV. 6/64 

I 
/Lri. ■ -C ».w-       !i*—-'- 

■ ■-■,■-■.-i lilli 

&aJE£*ß_ NO.    D2-36251-1 

SH. 32 

■^jMtMiMaMirai^iiiabiaMlita».»»..^.     r   



; -".■ ' 'iiiilii i^^ii'i'i^tiwiMi^'J^ saisa '.   .ini.,      n7..i — 

, J 

■■ 

7or the grid point äenoted(m +1, n)a Taylor series expansion of the 

function f In terms of x-derivatives yields 

+  
2X' /ni,h 

where f may be taken to be any dependent variable, e.g., u, t, e, etc. 

If at is taken sufficiently small the terms of higher order than unity 

may be neglected, thus the x-derlvatlve becomes: 

/|f) 'mr/j f '* '**i,h 

&x 

The above equation is termed the forward-difference approximation for the 

x-derivatlve. In a similar manner backward - difference and average - 

difference approximations may be derived (?). The resulting backward- 

and average-difference approximations are, respectively 

/if) 

Following the analysis of Wu (?) the forward-difference approximations 

are used herein for the x-derivatives, and the average-difference approxi- 

mation for the  ^/-derivatives.    The selection of these approximations is 

based on physical and stability considerations as discussed by Wu.    In 

the present analysis, the following approximations are employed for the 
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derivatives 

"Zf]        _       ''Mti.h       ^rh (a) 

i 

t*itn ^x 

y> »1,Hf-l i*n,n- (A2) 
//l^ 

The second derivative with respect to (^ is given by the finite-difference 

approximation 

2V 
-dp* 

'tn ,n+l *  ''Ay?, M       *' 1*1 i  h -I 

AV*- 
(43) 

The product terms appearing in the differential equations are approxiiaated 

by 

— '— - - ^^^4 

Substituting the above expressions for the derivatives appearing in 

equations 37-39 and rearranging terms, yields 

Species Continuity: 

Momentum Equation: 
u       = u    ~ /M3)   fäf]   +   **.(/>*«?%)    (or^,-zu^+u^.,) 

^tn^h-i) 
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Energy Equation: 

- ^m^'^- -^"^4^- - r--\ (1,7' 
As can be seen, the above equations form a set of algebraic expressions in 

which the dependent variable at the m + 1 front is expressed explicitly 

in terms of the known properties at front m. The calculation of the flow 

properties throughout the grid network may then be carried out by 

successively applying the equations to each front. However, it is first 

necessary that the boundary conditions be specified. 

2.4 Initial and Boundary Conditions 

In starting the calculations for a specific problem, it is necessary that 

the properties along the initial front oe known at each grid point - 

these properties are termed the initial conditions. The properties may 

be constant or variable dependent on the problem under consideration. For 

example, it may be üesired to assume constant properties for the rocket 

exhaust jet except in the immediate neighborhood of the nozzle wall where 

the Jet boundary layer exists. Similarly, the flow properties in the 

outer stream along the initial front may be variable corresponding to 

those existing within a boundary layer. In other problems, it may be 

desired to start the calculations at a point downstream where the mixing 

region has partially developed and the calculations continued for further 

development of the mixing region. For any of these situations, it is 

required that the properties be known at each grid point along the initial 

front before the calculations can begin. 

■ 
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Once the initial conditions are specified the flow properties at each grid 

point along the second front may be calculated except at the grid points 

corresponding to  ^ - 0 and  ^ - </mBX.    THese streamlines are the 

boundaries of the grid network within which the mijcing region lies. In 

order to obtain a complete solution for a given flow problem, it is 

necessary that the flow properties along the boundaries be known. These 

properties are termed boundary conditions. It is the usual practice in 

free Jet problems to assume the flow to be inviscid in the areas outside 

the mixing region. The boundary condition!? for such problems are therefore 

specified accordingly. 

For problems in which the secondary flow is contained within a duct, 

however, three regimes of flow may be encountered each dictating different 

boundary conditions. For example, consider the flow field shown in 

Figure 5, illustrating the different flow regimes. The first regime 

begins at the exit plane of the nozzle and ends at the point where the 

inner edge of the mixing rone reaches the Jet centerllne. The boundary 

conditions for this regime may be taken to correspond to those for 

inviscid flow. The flow field, therefore, resembles that of free Jet 

problems. 

In the second regime, the mixing region widens until at some point the 

outer edge of the mixing zone reaches the duct wall, whereupon the third 

regime commences. The  technique for determining the outer boundary condi- 

tion in the second regime is identical to that in the first, i.e., the 

secondary flow outside the mixing region is assumed to be inviscid. The 

inner boundary conditions for the second and third flow regimes may be 

determined from the physical characteristics of the flow. Along the Jet 
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centerline, the flow properties charge as a result of the mixing process. 

However, from symmetry it may be concluded that on the centerline, the 

radial gradients of all properties must be zero. OMs condition mey 

therefore be employed as the inner boundary condition for the second 

regime. 

in the third regime, the inviscid outer boundary assumption is no longer 

valid since the mixing xcgion extends across the entire duct. However, 

the outer boundaiy condition for this regime may be established by 

assuming that the heat transfer and shear stress at the duct wall are 

negligible. Thus, from the rate equations for shear stress emd heat transfer 

it Is seen that 

/IE)       ^o 

i^Li, ~~0 

,ot be transferred across the duct wall, we have In addition,  since mass canm 

Thus, the inner and outei boundary conditions for the third regime are 

identical.    Summarizing, the boundary conditions for the first flow regime 

may be expressed in the following form: 

Cj -     C. (U8) 
Av? 

ßam*G- 
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The above equations are applicable for determining both the inner and 

outer boundary conditions. In the second regime, the boundary conditions 

for the inviscid region are as above; whereas, the inner boundary con- 

ditions are given by 

t^V**   i^V=o   i^V^ 
(51) 

For the third regime, the boundary conditions are expressed In the form 

( *rL^     l^^V^, 
- o 

a* 
(52) 

('du \       -   (IE ] = 0 
Vs MOX 

IT)   - /JX = ö 
^ =■ ^AM X 

It should be noted that in the above discussion it was assumed that the 

inner edge of the mixing zone reached the duct centerline before the outer 
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edge reached the duct wall. In certain situations, however, these conditions 

may be reversed, the outer edge reaching the duct wall prior to the inner 

edge reaching the centerline, in which case the aforementioned boundary 

conditions are altered accordingly. 
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3.0 TURBULENT TRANSPORT COEFFICIENTS 

3.1 General 

In order to obtain a solution of the finite-difference equations, it is 

necessary that expressions for the eddy diffusivities be established in 

terms of knovn quantities. Unfortunately the eddy diffusivities are not 

fluid properties, as are their molecular counterparts, but parameters 

dependent upon the fluid motion, e.g., level of turbulence, velocity 

gradient, density gradient, etc. Since turbulent flow is characterized 

by random fluctuations, the derivation of accurate theoretical expressions 

for the eddy diffusivities  requires a statistical analysis such as that 

initiated by Taylor (ll). However, the statistical approach at the present 

time has not proven practical (12). Consequently, one must rely on the 

semi-empirical approach for determining expressions relating the eddy 

diffusivities  to the flow properties. 

3.2  Incompressible Theory 

Most of the semi-empirical theories to date are extensions or modification. 

of Prandtl's mixing length concept. From Prandtl's initial hypothesis, it 

was found that the shear stress for incompressible turbulent flow can be 

determined from 

r= S*J? (53) 

where t  is Prandtl's mixing length parameter, assumed to be independent 

of the y-coordinate (l, 10). Broussinesq had earlier postulated that, 

in analogy with the shear stress law for laminar flow, the shear stress for 
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txirbulent flow could be expressed in the form: 

r= /o^ ^ 7>u i3k) 

where ey  Is the eddy diffüsivity of momentum, often referred to as 

eddy viscosity, being analogous to molecular kinematic viscosity. From 

equations S3 and 3k  it is found that 

(55) 

In an attempt to obtain more realistic values of €v  when ^^y approaches 

zero, Prandtl modified the above expression; however, the resulting expression 

is difficult to use. 

A simpler expression for et   was subsequently developed by Prandtl based 

on the experimental data of Reichardt. Assuming that e^ was constant 

across the mixing zone, i.e., independent of the y-coordinate, Prandtl 

postulated that for free Jets 

*y-   K b  f^Wx - U^,h) (56) 

where k is an empirical constant, b is the width of the mixing region, and 

('^max'^mln) is the difference between the maximum and minimum velocities 

in the mixing region. Furthermore, it was found that 

i   =: C X 

so that Eqn.  56 becomes 
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where the product kc, is replaced by another proportionately constant K. 

From Reichardt's experiments of incompressible free Jets (Umin « 0), it 

was determined that the width of the mixing zone varied according to the 

relationship 

b -    o.oiß X 

The resulting expression for eu  which best correlated the data was 

(58) 

6V -    o. 00/37 x u, Max (59) 

An extension of the above expression is often employed for the case of two 

moving streams, thus 

^ =  0.00137 y (Utoax - U*,i*) (60) 

An alternate form of Equation 57 is frequently used in correlating experi- 

ment and theory in terras of the similarity parameter, thus 

^ = 
Umax    "*" *dj2l!l 

ij a-2 
(61) 

where <r the similarity parameter, is a constant to be determined from 

experimental data. Physically, 0" is a parameter related to the 

spreading rate of the mixing region - larger values of cr corresponding 
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to smaller spreading rates.    From the data of Relchardt, employed in 

obtaining Equation 60, the corresponding value of a was detemined to be 

13.5. 

Still another expression for e¥ is that given by Pai (12), which in its 

most general form is 

£-=      €ö( C    +    */L) (62) 

where e0  is referred to as Beichardfs coefficient, C is a constant which 

accounts for a virtual origin of the mixing region, L is a reference length, 

and n is a number having a value between 0 and 1 depending on the degree of 

mixing. The constant C may be assumed to account for the bound -ry layers 

that build up in the two streams prior to the point of Initial contact 

(x = 0) which produce, in effect, a mixing region of finite width at x = 0. 

For the case where C - 0 and n - 1, as generally is assumed. Equation 62 

becomes 

^ = ^ % 

Equating Equations 6l and 63 and solving for £0 yields 

(63) 

^ = 
L (">**** Utr"^ {eh) 

H<r- 

From extensive data of free Jets exhausting into a quiescient atmosphere, 

the value of <r  for jet Mach numbers less than unity has been relatively 

well established as being cr = 12. For cases where the receiving medium is 
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also moving the value of a  is found to depend on the velocity and density- 

ratio between the two streams as discussed below. 

3.3 Compressible Theory 

In the development of the ev expressions for incompressible flow it was 

assumed that €¥ was constant across the mixing zone, an assumption which has 

been substantiated by extensive experimental Jata. However, for compressible 

flow involving large temperature and velocity differences between the two 

streams, it has been postulated that er is dependent not only on the x- 

coordinate, but the y-coordinate as well (13). Several mathematical models 

for the compressible eddy viscosity have been proposed by various investi- 

gators (lU, 15, 16), which for the most part are more complicated and con- 

sequently more difficult to use than the incompressible models. In addition, 

since only limited experimental data are available, none of the proposed 

compressible models has been satisfactorily verified. Consequently it has 

been the general practice to employ the incompressible model for €^ 

and adjust the empirical constants to account for the effects of compressi- 

bility. 

The most frequently used parameter in correlating experiment and theory is 

the similarity parameter cr , defined in Equation 6l. Experimentally 

determined values of cr for free Jets exhausting into a quiescent atmosphere 

have been obtained for Jet Mach numbers ranging up to approximately 3'0 (15). 

Figure 6 illustrates the variation of 0" with Jet Mach number for a Jet 

exhausting into still air. The solid line faired through the experimental 

data was originally presented in Reference 15. The dashed line illustrates 

the theoretical variation of (T with Mach number as given by Korst (l?). The 

majority of the experimental data were obtained with air Jets having 
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te^eratures approximately eaual to that of the s^leat air. 

J  T«v,r,a   uhlch were obtaineä with a 
One exception Is the data of Anderson and Johns, 

.oUd prop^ant roCet exhaustln. Into stlU air.    Tor Mach nu.hers less 

than unit,, the value of * has heen relatively »ell estahllshed as heln. 

r . 12.0.    For Mach nu^ers greater than unity, the data illustrate that   <r 

increases considerably. 

For the turhulent nlxln« hetveen two co^presslhle coaxial stream, analytical 

attempts (18) have resulted In relating the tvo-stres»     CT-value and the 

velocity ratio hetveen the two stream    ^ equivalent single stres. value 

le obtained from Korsfs emplrcal relationship 

o-j   =   /«    *    *■7S8 Mrt 
(65) 

where MIa is m equivalent single stream Mach numher rented to the Jet 

stream Crocco numher as shown In Fig. 7-    Also shown In Fdg. 7 la the ratio 

of the aforementioned   CT -values as a function of the velocity ratio hetween 

the two streams,  Indicating that the two stres.   .-value increases with 

-t     .*,„     This trend has also been estahllshed from 3xpcrl- 
increasing velocity ratio.    This trenu n» 

mental data (12). 

Since experimental data for predicting two stres. a -values are limited, 

th. nhove technique for evaluating *   has heen adopted herein with the 

«ception that the equivalent single stre^ ^ value is ohtained from 

Pi,. 6 corresponding to the equivalent single stream Mach numher. ^e 

eorrespoudi.« value of Belches coefficient is then detensined from Elation 

6h. 
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It should be noted that in utilizing any of the above ev erpresslons, 

difficulties may arise resulting from the method employed in correlating 

experiment and theory. The accepted method of establishing the validity of 

a particular model is to employ a specific theoietical analysis and several 

trial values of the empirical constant in the ey  expression, until agreement 

is obtained between the measured and calculated velocity, temperature, and 

concentration profiles. Unfortunately, the resulting fy expressions 

reflect any peculiarities of the particular theoretical analysis used in 

the correlation, and consequently should be used with reservation for other 

analyses. 

3.U Turbulent Lewis and Prandtl Numbers 

The turbulent Lewis and Prandtl numbers are the turbulent counterparts of the 

corresponding numbers based on molecular properties. Ify definition 

U 

Pt   - 

(66) 

(6?) 

Another dimensionless ratio frequently employed is the Schmidt number defined 

by 

5^ ' T^ (68) 
-«<: 

where the subscript 1 infers that the various species may have different 

eddy mass diffusivities,. In early mixing analyses it was often assuned, 

in analogy with the molecular ratios, that Pr = Sc = Le = 1; an assumption 



1 

\ 

which ßimplifies the governing equations considerably. However, recent 

experimental data indicate that these parameters may differ markedly from 

unity {lkf  19). For example, from the experimental results of Forstall and 

Shapiro (19), it was found that the turbulent Pr and Sc numbers were equal 

and constant throughout the mixing region, with a value of approximately 

0.7. From the experimental results of Zakkay, et al, (HO it was concluded 

that the turbulent Schmidt and Lewis numbers ranged from 0.3 to 2.3 and 0.U 

to 1.0, respectively. 

in the present analysis, values of the turublent Prandtl and Lewis numbers 

may be employed other than unity, however they remain as constants independent 

of the x-y coordinates. For gaseous components the values of Pr and Sc 

most frequently cited in the literature vary between 0.5 and 1.2. It was 

shown in Ref. 20 that variations of Sc have negligible effects on the radial 

profiles, so that any value within the above range may be used with reasonable 

accuracy. 

The Lewis and Prandtl numbers for the solid and/or liquid particles in gas- 

particle mixtures are at the present time unknown. The experimental data 

of longwell and Weiss (21), however, indicate that the ratio of gas to 

liquid eddy mass diffusivities is approximately 2. In their studies liquid 

diesel fuel was injected into a turbulent air stream and concentrations 

measured at various axial locations. The results were compared to similar 

data obtained with naphtha as the injected fuel. As noted by the authors 

the naphtha evaporated readily and was assumed to be mainly in the gaseous 

phase. Ttxe  results showed that the ratio of the gas to liquid e0  varied 

from approximately 1.2 to 2.0 for gas stream velocities ranging from 200 to 

500 fps, respectively. 

^—t-""''>-"-i iniiiii ininiiiiiililH 
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In view of the lack of experimental data it is difficult to ascertain values 

that should be employed for the turbulent Lewis and Prandtl numbers in order 

to accurately predict flow profiles.    However, until reliable experimental 

data are available, the values cited above may be employed with results 

within the accuracy required in most engineering problems. 

i 
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k.O      CHEMICAL MODEL 

k.l     General 

In considering the chemical aspects of problems involving the mixing between 

reactive components, two choices of chemical behavior are available; namely, 

equilibrium or nonequilibrium chemistry. Because of the high velocities 

encountered in rocket exhaust Jets, it appears that in such problems non- 

equilibrium chemistry would prevail throughout most of the flow field. The 

most accurate analysis should, therefore, be based on nonequilibrium flow 

including the complicated chemical equations describing the reaction 

mechanism. However, in view of the complexity of such an analysis and the re- 

sulting lengthy calculations, it is advantageous to use equilibrium chemistry 

whenever that choice leads to accurate results. 

In the discussion that follows the equations for both equilibrium and non- 

equilibrium chemistry are developed for the hydrogen-oxygen system and the 

results compared. From the comparison of temperature profiles, it was ascer- 

tained that the assumption of equilibrium chemistry was valid for hydrogen- 

oxygen systems. This assumption was therefore employed for such systems 

and extended to other systems as discussed below. 

k.2     Nonequilibrium Chemistry 

For nonequilibrium chemistry the net rate of production of the species wk, is 

determined using the methods of theoretical reaction kinetics. For example, 

consider the chemical reaction between hydrogen and oxygen forming water 

vapor. It is well known that the reaction mechanism between these molecules 

actually consists of several chain-type reactions including the following: 

mwwww 
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1 
Hs + OH 5= HgO ^ ■ H 

H + o2 OH + 0 

B^ + 0 OH + H 

H + H 4 M = H2 + M 

H + OH + M = H2O • 1- M 

0 + 0 + M = O2 + M 

(70) 

where M is a third body usually taken to represent all the molecules in the 

mixture. 

In order to determine the net rates of production of the various species 

entering the above reactions, it is necessary to apply the reaction kinetics 

equations to each of the reaction equations. In order to simplify the present 

analysis, however, it is assumed that the above complex chain reactions for 

the H2-02 system may be replaced by the following one-step reaction equation 

2H2 + 02 2H20 (71) 

where kf is an "overall" reaction rate constant. 

Following Penner (22) it can be shown that the net rate of production of HgO, 

in accordance with reaction equation 71, may be expressed as 

' ^ C3 ICA 
**-**'^%[%] (72) 

where ^ is the forward reaction rate constant, K^ is the equilibrium constant, 

and W is the molecular weißht. The subscripts 1, 2, 3 correspond to the 
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species HgO, Hg and Og, respectively. 

From further application of the reaction rate equations it may be shown that 

the net rate of production of % is related to that of HJJO. Thus 

&X, =  - M^/  * (73) 

From conservation of mass the net rate of production of u2 becomes 

^3   = '(^l    *'*-'*) 
(TU) 

The expression for the reaction rate constant kf is assumed to be of the form 

&     -     3T exP i-fr] (75) 

where B is the frequency factor, E is the activation energy, and *- is a 

constant. 

Equations (72) through (7^) may be employed in solving the finite difference 

energy and species conservation equations provided the empirical constants 

in equation (75) may be established. The primary difficulty in all non- 

equilibrium problems is that of establishing the reaction mechanism and 

associated expressions for the reaction rate constants. For the H^ 

system the complex chain reaction equations and rate constants are relatively 

well established. It is possible therefore, to establish an expression for 

an "overall" reaction rate constant in the following manner. Utilizing the 

chain reactions and the associated reaction rate constants, the temperature 

distribution throughout a stream tube may be calculated for a range of initial 
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conditions of the flow parameters employing the one-dimensional analysis of 

Ref. 23. Then, using the same analytical technique and the one-step chemi- 

cal reaction a value of the overall reaction rate constant may be deter- 

mined which best reproduces the previously determined temperature distribution. 

The above technique was employed for a range of initial conditions correspond- 

ing to those anticipated for the problem being considered herein. Typical 

results are shown in Fig. 8 wherein are presented the calculated temperature 

distributions resulting from the use of chain reactions (the solid line) 

and the one-step reaction using various expressions for the overall reaction 

rate constant (the broken lines). The reaction equations employed in calcu- 

lating the solid line were those presented in equation 70 herein. The value 

of the overall reaction rate constant was varied by altering the frequency 

factor; the activation energy, obtained from Ref. 3, was assumed constant 

at 1.6 x 104 cal/gm-mole. The average value of the frequency factor which 

best correlated the results obtained from the complex reactions was 

B = 1017. Thus, the expression employed for the overall reaction rate 

constant for the H^ reaction was determined to be 

t;  --   ,0    T      e*r  ( — j (76) 

The wi terms appearing in the finite difference equations are then determined 

from equations 72-74. 

4.3     Equilibrium Chemistry 

Employing the assumption of equilibrium chemistry the net rate of production 

■I 
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of each species may be determined from the equation 

a/. 
^ (<:„.-£,) 

(77) 

where (^ and CK are the concentrations of species K immediately before and 

after the chemical reaction, respectively. The problem, therefore, reduces 

to that of calculating the equilibrium composition CR , for initial concen- 

trations QK at a given pressure. In the discussion that follows the equili- 

brium equations are developed not only for the hydrogen-oxygen system, but 

in addition, for systems comprising the following species: HgO, Hg, O2,  COg, 

CO, N2, HC1, A3., and AI2O3. The chemical reaction equations are assumed to 

be as follows: 

2H2 + 02 =* 2H20 

200 + O2 :S=S: 2C02 

2A1 + 3/2 Dg =?= Al203 

(78) 

(79) 

(80) 

Consider now the elemental control volume shown in Fig. 2. As the fluid 

traverses the distance Ax, the concentrations change as a result of the 

mixing process. If it is assumed that the fluid entering the volume is in 

chemical equilibrium, then at x + ^ x the fluid is not in equilibrium. Since 

the assumption of equilibrium flow implies that the reactions occur at an 

infinite rate, the composition at x + /sx may be determined as follows. 

From an atom balance the following relations may be obtained which are 

valid for both reactants and products: 
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I 
C
J- 

cs *  S 1^ ^ S ^ ^ ^/^ *■ ^ ^ C'o 

pr    W<    _ C   +   C 

^7 -  ?7 

c, = c^ 

c = c 

= C^ -^ c( 

Ä ^r ^ 

W 
■/o 

lo 

(82) 

(83) 

(84) 

(85) 

(86) 

(87) 

vherf,- c^ is a pseudo-majis fraction defined by the above equations and 

the subscript i = 1, 2, - - -, 10 refers to the species HgO, H2, O2, CO2, 

CO, N2/ HC1, any inert component, Al, AI2O0, respectively. Equations 8I-87 

are also valid for the products - the ci on the right side replaced by c^. 

The equilibrium constants for the reaction equations 78-80, expressed in 

mass fractions, are 

p       CjPK, \  wtcj 

4- 

K3 - 

C3 PH* \   Wv cs) 

3. 
C, 

(88) 

(89) 

(90) 
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where the fugacity of AI2O3 is assumed to be unity {2k),  and WM is the 

average molecular weight of the gas mixture. Values of the equilibrium 

constants are obtained from tables of Kp at various temperatures (25). 

Equations 81-90 are seen to form a system of ten equations for the ten 

unknown concentrations c^    The solution for the concentrations comprises 

an Iteration technique discussed in Ref. 6. The net rate of production 

terms are then calculated from Equation 77« 

k.k      Comparison of Equilibrium and Nonequilibrium Chemistry 

In order to Illustrate the difference between equilibrium and nonequilibrium 

chemistry, solutions were obtained for a typical problem employing both 

chemical models for the hydrogen-oxygen system. Shown in Fig. 9 is the 

temperature profile throughout the mixed flow field at an axial distance 

of four feet downstream from the exhaust nozzle of a LO2/LH2 rocket motor. 

The conditions of the rocket exhaust and secondary air stream at the exit 

plane of the nozzle are noted in the figure. As can be seen, the difference 

between the two cases is not great, thus demonstrating that the selection 

of equilibrium chemistry provides sufficiently accurate results for the 

given conditions. As a point of interest, it is worthwhile to note that 

the machine computation times for equilibrium and nonequilibrium flow were 

approximately 2 and 110 minutes, respectively. In view of the long computa- 

tion times required for nonequilibrium flow, and since the assumption of 

equilibrium flow yields reasonably accurate results, the latter chemical 

model was assumed for the problem under study herein. 
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Figure   9   - Comparison of Theoretical Temperature Profiles 
for Non-Equilibrium and Equilibrium Flow 
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5.0 COMPUTER PROGRAM 

5.1 Capability 

Although the computer program deacribed herein was developed specifically 

for the air-augmentation problem it may, however, be employed for other re- 

lated problems. For example, the program may be utilized in calculating 

the mixing region for free jet problems, where the ambient atmosphere is 

either m-ving or at rest. In addition, calculations may be performed for 

problems involving the mixing and combustion of fuel injected into an air 

stream, with application to ramjet combustor studies. Problems involving 

chemically reactive species may be solved employing either equilibrium or 

frozen chemistry. It is noted that the program is limited to the calcu- 

lation of turbulent flow fields - laminar flow problems being excluded. 

In the following sections will be described the input options available to 

the user, the Important features of the program, and the procedure to be 

followed in establisldng the input data for typical problems. For con- 

venience in the discussion that follows a list of the pertinent computer 

program notation is presented in Appendix 7.1. 

5,2  Pressure or Duct Profile Option 

In air-augmentation problems it is generally desirable to specify the duct 

geometry; whereas, in free Jet problems it is more convenient to specify 

the pressure distribution. In the computer program the option is available 

to specify either the duct profile in the form rD = f(x), or the pressure 
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distribution in the form p - g(x). The program control for this option is 

termed INDUCT - having values of 0 or 1 for pressure distribution or duct 

geometry dnput, respectively. The input of p = g(x), or rD » f(x), is in 

the fonr of a table. The x-values are termed XTAB and the p- or r^ values 

termed PTAB in program notation. It should be noted that, from the view- 

point of machine time, it is advantageous to input the pressure distribution 

whenever possible. 

If the pressure input option is chosen the duct radius is calculated from 

the initial specified duct radius, denoted PDZERO, and conservation of 

mass of the flow through the duct. Conversely, if the duct input option 

is chosen, the pressure at each front is calculated from the initial speci- 

fied pressure PZERO, and conservation of mass. Problems involving flee jets 

are treated by specifying RDZERO very large compared to the nozzle exit 

radius RE. 

5.3  Reference Streamline 

In performing the finite-difference calculations it is necessary that the 

coordinates of a reference streamline be specified, i.e., ^ref " f(x,r). 

Thus the inverse transformation, given by Eqn. 40, may be performed. In 

the present program the reference (// -line may be specified as coincident 

with either the rocket exhaust plume boundary or the centerline of the 

flow field as shown in Fig. 10. In the former case the coordinates of the 

plume slipline may be determined utilizing the method of characteristics 

program of Ref. 5. The slipline coordinates are input to the program in 

tabular form, denoted as XTAB and RTAB. The input value of RZER01 is 
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accordingly specified as being slightly larger than zero, e.g., RZER01 » 

0.001 is usually adequate. One problem which is generally encountered 

using the slipline as yref* is a« follows. As the calculations proceed 

in the x-direction the raJbdng zone widens, until at a certain distance the 

mixing zone crosses the V«= 0 streamline. Once this condition occurs the 

reference ^-line is shifted to the jet centerline and the calculations, 

continued, or if desired the program is stopped. The control parameter 

for this option is tenned ISET - having values of 0 or 1 for stopping or 

continuing the program, respectively. For cases where it is desired to 

specify the centerline as the reference ^ -line the value of RZER01 and 

RTAB are set equal to s;ero and the radius of the jet, respectively. 

5,4  Mixing Zone Definition 

The width of the mixing zone, as defined herein, is determined from the 

species concentrations. At a given "front", the calculation of all flow 

properties begins in the mixing region and proceeds inward and outward 

until the edges of the mixing region, as established from the following cri- 

teria, «re determined. At each grid point the difference is calculated be- 

tween the concentration of species i at the grid point in question and the 

outer boundary condition of C±,  denoted as (^   . This quantity is cal- 

culated for each of the species, i » 1-10, and the maxdntum difference 

determined. The maxunum difference is then compared with an input quantity 

termed TESMAX. The outer edge of the mixing region is established when 

tC   -   C'      )-   resMAx (91) 

■ 
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Similarly, the inner edge of the mixing zone is established when 

(C^-C^J^*    WN (92) 

where €,„„„ is the inner boundary condition of C., and TESMIN is an input 
'"* iNMIN 
quantity.    The values of TESMIN and TESMAX should be sufficiently small so 

that the mixing sons boundaries determined from species concentrations are 

larger than the corresponding boundaries determined from velocity or tem- 

perature profiles.    A value of 0.00001 for both TESMIN and TESMAX is suf- 

ficient for most problems - smaller values yield wider mixing zones. 

5.5     Stability Criteria 

The major difficulties in living differential equations utilizing the 

finite-difference technique involve the problems of stability and con- 

vergence of the solution.    A stable solution is defined as one where small 

errors, which are inherent in the calculations, do not increase in size. 

In unstable solutions the errors increase in size during the calculations 

and eventually become so large that the results are noticeably inaccurate. 

A solution is defined as converges if by decreasing the grid size Ux and 

A (O the calculated velocity, temperature, and concentration profiles are 

not significantly altered.    It has been established that if a solution is 

stable it is also convergent (7, 26). 

Dnploylng Karplus« theory of stability it was determined that for thu pre- 

sent problem the species continuity equation dictated the most stringent 

stability crit.sria (5).    Thus in order to insure a stable solution, and 

consequently a convergent solution, the stability criteria dictates 

***** 
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that 

W   i  {2 /O1«^ €„&*£) 
Vx 

(93) 

where 

^V =  ^Cc ^ Vt) (9A) 

In application, the right side of Eqn. 93 is evaluated at each grid point 

in the mixing region along a given front, and the maxiiinim value determined. 

For etahility the value of by  must be greater than or equal to the estab- 

lished maximum value. As can be seen the value of the right side of Eqn. 93 

is related to the axial distance. Thus, it becomes evident that if constant 

values ot ty  and Ax. are selected, special consideration must be given to 

the selection of their values so as to insure stability throughout the cal- 

culations. 

In order to remove the above difficulty the value of /3x in the present pro- 

gram is assumed to be constant and the value ot Ap altered whenever required 

during the calculations. The most convenient method of changing AV  is to 

merely double its value whenever Eqn. 93 indicates that a change is required. 

Thus in the present program the stability test is performed at each front, 

and if required, Ap is doubled-all the calculations being performed within 

the computer. 

As a result of doubling 4^ it is apparent that certain streanlinesi, which 

were calculated prior to the change of Aff,  are omitted in subsequent cal- 

culations. For example, in the program the P'-lines are numbered consecu- 
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lively with the referonco C^-line, which is retained throughout the calcu- 

lations, assigned the number 1. Then as a result of doubling / y the even 

numbered ^-lines are omitted in the remaining calculations. After the 

doubling process the ^-line» are again numbered consecutively. Thus the 

jt/-lines numbered N = 3, 5, 7,   before the doubling process, become 

N = 2, 3, 4 — in subsequent fronts. The general equation for tracing an 

odd numbered ^-line is 

n    - 

where n and i/ are the numbered  ^-lines immediately before and after doub- 

ling Ap, respectively. 

5.6     Determlnatjon of Initial Grid Size 

The initial grid size,    äx. and AW, may be established from the stability 

criteria and the maximum possible number of grid points along the initial 

front (x *» 0).   Because of computer storage limitations the maxijaum number 

of radial grid points is limited to 196,    In order to trace the  ^-line 

originating at the outer periphery of the nozzle it is advantageous to set 

KSLIP * 129.    Thus, for given initial conditions of the jet, the initial 

value of 4^ may be calculated from the expression 

m f/^L™ (&) 
f+l 

NMIH 
IN IT/AL 

(<f+n    KSUP 
(95) 

Once   Ay is established the value of    Ax may then be determined from the 
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Btabilitj criteria. Thus from Eqn. 93 

(96) 

where, initially, the value of x in Eqn. 94 may be taken as ^x, and the 

product Juf is evaluated at the radiue of the jet RE. This value of 

4x is sufficient to insure stability at the first front. 

However, for subsequent fronts it is generally not sufficient, so that a 

value somewhat smaller than that given above should be employed. Frcm a 

consideration of machine time the value of ^x generally should be such 

that 

Ax 

A smaller value of ^x than that given above may be employed if required; 

however, it should be noted that machine time may be increased significantly. 

5,7  Tnput Procedure 

In order to describe the input procedure it is convenient to refer to 

Fig. 11 wherein is presented the standard input form for the computer pro- 

gram The method of selecting the values for each parameter on the input 

form is discussed below. 

WMTW (Two Potions) 

The two options available for NMIN are 0 or the nunber assigned to the 

^-line corresponding to the inner edge of the mixing region. The 

aa/Ei/ye NO.   D2-36251-1 
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purpose of the latter option le to permit the input of variable flow pro- 

perties at the exit plane of the nozzle (x = 0), or at any x-location if 

desired* 

NMAX (Two Options) 

The tw> options are MAX - 196 or the number assigned to the ^-line cor- 

responding to the outer edge of the mixing region. The purpose of the 

latter option is discussed above. 

KSLIP 

KSLIP is the number assigned to the ^-line originating at the outer peri- 

phery of the nozzle (r = RE). In most problems it is desirabla to set 

KSLIP - 129 for purposes of tracing that f-line; i.e., not losing the 

p/-line when A^ - is doubled. Other values which may be employed for 

KSLIP are 65, 33, 17, 9, or 5. 

NS 

The parameter NS is employed to permit a curve fit of the flow properties 

between the rocket exhaust and secondary streams at x = 0, thereby removing 

the discontinuity of properties at r = RE. The value of NS may be NS = 0 - 

or any small integer, e.g., NS = 3 is generally «nployed. 

NCHEM (Two Options) 

The two options are NCHEM - 0 or 1 corresponding to equilibrium or frozen 

chemistry, respectively. 

NCP8 

The value of NCP8 is the number of temperature values in the table of 
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TCP8 vs Cpg for the general species. 

NXTAB 

The value of NXTAB is the number of x-values in the table of XTAB vs. PTAB. 

pmUCT (Two Options) 

The two options are INDUCT = 0 or 1 corresponding to the selection of pres- 

sure distribution or duct geometry input, respectively. 

TSET (Two Options) 

The two options are ISET = 0 or 1 correspo«üng to the following conditions: 

ISET = 0; if RZER01 t 0 the program will stop when the inner 

edge of the mixing zone reaches the N=l (f-line. 

ISET = 1} the program will not stop as above, but will shift 

the reference «(/-line to the centerline and con- 

tiirue the calculations. 

DX 

The axial step size may be determined using the method outlined in Section 

5.5. 

XMAX 

The maximum axial distance over which the calculations are desired is to 

be expressed in feet. 

XFRINT 

The value of 

integer. 

XPRINT should be selected so that the ratio XFRINT/DX is an 

E2-36251-1 

REV LTR 

U3 42B8-2000 REV. 6/64 

  ■   ■ .   —  
■ 

 -      ■     -    --     ■  -—    ■■- -■—'  ""■'"■"■•'-■»''••tMiii-t' - '■•    -tiiii 



<tmiim<uN^!»n«i^nq,iwiuuiWMWu.^WV«*M«^ Jßvß.vi iwim 

Ü ZEROl 

The initial r-value of tha reference (f-line may be selected as 0 or any 

positive value depeniing on whether the reference ^-line is desired to 

be located on the Jet centerline or the plume slipline, respectively (see 

Section 5.3). 

RE 

The value of the nozzle radius is to be expressed in feet. 

RDZERO 

The value of the initial duct radius is to be expressed in feet, 

PZERO 

The initial pressure in the secondary stream is to be expressed in PSFA. 

DPDXO 

The initial value of the pressure gradient may be input if knovm. Other- 

wise, the value 0 may be employed, 

DELTA (Two Options) 

The two options are 0 to 1 corresponaing to a two-dimensional or axisym- 

metric flow model, respectively. 

TESMAX and TESMIN 

The values employed for TEXMAX and TESMIN determine the width of the mixing 

zone defined by species concentration - smaller values yielding wider mix- 

ing zones. A value of 0.00001 is generally satisfactory for both parameters 

(see Section 5.4). 
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Aj FL, EPSON.. and^ISQN 

A ccplete discussion of these parameter, is presented in Section 3. Values 

generally employed for the above parameters are 

A = FL *= 1 

FCON = 0 

The value of EPSON must be detemined for each problem from «npirical ex- 

pressions as discussed in Section 3-3. 

PRT. FLFTft, and FLETP 

Th. turbulent Prundtl aud Lewi, nu^.« of th. g« »7 b. »Pedflud a, 0.8 

and 1.2. r«p.ctl«l7. A paHlcl. l«i. nutar of 0.6 .ay b. «plo^ un- 

til data baoon» available for more a.eurately eetablirtdng it. value. 

XTAB. RTAB, and PTAB 

The data for th. plume .liplin. coordlnat.. aM th. pre.^r. dletrlbution 

(or duct radiu.) i. input in tabular fo». For ea... wh.r. the .liplin. 

g.oB.try 1. unknown a v,lu. of RTAB equal to th. no«l. «it radiu, BE, 

.hould b. »ploy.d for ail HAB valu... It .hould b. not^ that th. input 

of pr...ur. or duct radiu. at variou. axial diatanc. «AB. ^.t b. ompatibl. 

with th. input of th. control paranv.t.r D1DUCT. 

OENN and W8 

Z the Zr desires to incorporate an additional chemical species, other 

thai, any of those specified in the program, the chemical symbol of the 

00£JM£. 
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component is input for GENN and the corresponding molecular weight for Wg. 

TCP8 ^ CP8 

If an additional chemical species is included the specific heat of the com- 

ponent as a function of temperature is input in tabular form. It should 

be noted that this table, as well as GENN and Wg, are input only if an addi- 

tional species is desired. Otherwise, these parameters may be omitted. 

G., T, and U (Two Options) 

The two options available to the user correspond to whether or not it is 

desired to input variable properties as the initial conditions. If the 

variable property option is selected NMIN must be different than zero. If 

the constant property option is selected the value of NMIN must be zero. 

The variable properties are input as a function of N. The constant proper- 

ties are input for the rocket exhaust (C , T^ u^) and the secondary 

stream (C. 
LNMAX 

* TNMAX, '^NMAX'* 
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7.0  APPENDICES 

7.1  Computer Program Notation 

A 

CiNMAX 

CiNMIK 

CP8 

DELTA 

DPDXO 

DX 

EPSON 

FCON 

FL 

FLETG 

FLETP 

GENN 

INDUCT 

ISET 

program notation for the exponent n, in Eqn, 94 

outer boundary condition for the concentration of species i 

inner boundary condition for the concentration of species i 

specific heat of the general species (i = 8) 

<J" = 0 for two-dimensional model 

«T «= : 1 for axisynnetric model 

initial pressure gradient dp/dx 

axial step size Ax 

Reichardt^ constant 60,  in Eqn. 94 

constant C, in Eqn. 94 

reference length L, in Eqn. 94 

turbulent Lewis number of the gas 

turbulent Lewis number of the particles 

molecular formula for the general species (i " 8) 

INDUCT = 0 for pressure distribution input; 

INDUCT ~ 1 for duct profile input 

ISET = 0 stops program when KMIN = 1 and yo ^ 0 

ISET - 1 program continues after shifting ro to the centerline 

KSLIP    number assigned to the (//-line originating at the lip of 

the nozzle (r ^ r ) e 

NCHEM    NCHEK « 0 corresponds to equilibrium flow; 

NCHEM = 1 corresponds to frozen flow 

, i 
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7.1  Computer Program Notation (cont'd) 

NCP8 

mm. 

NMIN 

NS 

NXTAB 

PRT 

PTAB 

PZEP.0 

RDZERO 

HE 

RTAB 

RZER01 

T 

TCP8 

TESMAX 

TESMIN 

V 

W8 

XMAX 

XPRIOT 

number of temperatiire values in the table of CP8 vs T 

nnyHtmim number of ^-lines desired (NMAX " 196) 

NMIN = 0 for constant property input; 

NMIN ; 0 for variable property input 

number of (f-lines within which the flow properties betwesn 

the inner and outer streams are curve-fitted 

number of values in the table of X vs PTAB 

turbulent Prandtl number 

value of rD (or P) in XTAB table 

initial static pressure in the outer stream 

initial radius of the duct 

radius of the nozzle 

radius of the sUpline in the XTAB table 

initial radius of the reference ^/-line 

static temperature 

temperature values in the table of T vs CP8 

parameter used in determining NMAX 

parameter used in determining NMIN 

axial velocity 

molecular weight of the general species (i = 8) 

maximum axial distance over which the calculations are 

performed 

axial increments for print-out of data 

1 
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7.1  Computer Program Notation (cont'd) 

XTAB     values of x in the XTAB table 

XZERO    initial x-value 
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7.2   Caimarlson of v*™™ *** Experiment 

^eoreucal resuXta Ctaiaed fr<* the c^te. prog«, are spared herein 

vith avemhl. exper^ental data.   Ja e.tahU.hing the con.e^tions the 

^ e.pxo.ed for *e edd. viscoait., aa deDcrlhed In Section ». ™ 

^X^ed.   in certain cases the torment transport coemcients were varied 

about their predicted values in order to obtain hotter c-reUtions.   In 

8uch instances the variation fros the predicted values is discussed.   It 

ls n^ed that sns^tioal results were c-^ared vith data ohtained fros 

^^entaticn «cpertaents, however, due to the cUssined nature o. the 

.cental data the correnati^ is not presented herein (see Ref. 28). 

^ «e experts c^ducted hy ^ew and Reed (15) radial static and total 

assure surveys vere .ade at various s*ial locations dovnstrea. of an air 

jet «hauste into a quiescent ataosphere.   Sh^n in Fi^e 12 are the 

^eoretica^ end e^entall. determined velooi^r profiles at 11.5 inches 

Oo^tre» of an air Jet havins a M.oh n»her of 1.96.   ^e parater r U 

the radial distance .assured fr.» the point vhere the velocity has decayed 

to one-half ita value at the inner edge of the .ixing sone, <r is the 

e^Uarity parceter. Xe is the effective length of the .ixing zone, and 

V, is the velocity at the inner edge of the fixing sone.   ^e solid curve 

.epresents ^e theoretical results ohtained fr- the present ana^sis «splc- 

^ a value of Reiohardfs coefficients corresponding to the value of    - 

determined Rental* hy Mayde« and Reed.   *s can he seen the predicted 

velocities agrse ^ite veU vith the «percental values over the entire 

^ regloa.   Cimüar a^ent vas ohtained hetveen the «perimental 

^ theoretical velocity profiles at axial locations nearer the no«l, exit. 

4 
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Figur« 12 - Comparison of theory and 

experiment for free Jet velocity profiles 
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In the experiments of Forstall and Shapiro (19) the mixing region between 

a circular Jet and an annular coaxial stream vas investigated. By using 

10 percent by volume of helium as a tracer In the Jet, the profiles of 

concentration and velocity In the mixing region vere determined. Shown 

In Figure 13 Is a comparison of the theoretical and experimental velocity 

and concentration profiles at an axial distance of X/D «=8, As can be seen 

reasonable agreement exists between the theoretical and exper: cental 

profiles. As noted In Ref. 19 the Prandtl and Schmidt numbers were both 

determined to be approximate]y 0.7/ which corresponds to a Lewis number of 

unity, [ßieoretical results for two values of the Lewis number are shown 

for the concentration profiles in Figure 13. aoall variations of the Lewis 

number are seen to effect little change in the profiles. 

The experimental investigation of Zakkay, et al., was conducted to determine 

the turbulent mixing of coaxial Jets for both subsonic and supersonic flow. 

In establishing a correlation, the data obtained with argon as the central 

stream was employed. The exit Mach number of the argon Jet was approscl- 

mately unity. The Mach number of the annular air stream was 1.6. Shown 

in Figure ih  is the ccmparison of the theoretical and measured velocity 

and concentration profiles at various axial locations along the Jet center- 

line. In establishing the correlation the value employed for Reichardt's 

coefficient was <?■„ = 0.5 ft2/sec  from X = 0 - 0.42 ft, and <f0 = 1." ft
2/sec 

fr*u X = 0.^2 - 0.75. As can be seen good agreement exists between tie 

theoretical and measured concentration profiles at each axial location. 

The velocity profile at X = 0.75 ft indicates that theory predicts slightly 

higier velocity ratios than those measured experimentally, which possibly 

may be attributed to an incorrect form for the eddy viscosity expression. 

a 

REV LTR 

U3 4288-2000 REV. 6/64 

0fT/EiA/a NO.      D2-36251-1 

SH. 83 

"i"j-"-'-m -... —— >:..^..,„^.,^J^.^.^.^..^^ 



■^^ ^^^" ■    '■ -•  ' ' " ■ mmmm. -—^—- 

( 

^ 

i 

I 
■z 
o 

bJ 

0 
J 
o 
> 

1 

8.0 

Ui     -     2Ä5     FT./9EC. 

Ue  •    -^s   FT/sec. 

0 X>AT^     FROM     RCF-   »^ 

0.01 

zoop—Q- 

0.02 O.vOS O.OA 
\?A\>\AL   T*  -iT^NCE    ~ FT. 

O 
UI 

> 
U 

> 
h 
o 
o 
J 
Ul 
> 

160 

120 

80 

K Ä25    FT/%1C, 
U.e s AS    FT/sec. 

O "DATA      PROM   «E.r.   V^ 
SERB'S,     & 

40 

-t 

— - Le 
0.6 

1.0 

0.01 0.02 0.03, O.OA. 
RAO>AU     •DVSTANCC   ~ PT. 

Fig. 13        COMPARISON OF THEORY AND EXPERIMENT 

^t 

COS 

o.os 

tm 

REV LTR 

U3 42B8-2000 REV. 6/64 

-        -         m -      . ' 

■M 

ffaFitfis NO.     D2-36251-1 

SH. 

fajaMajMJal^-M^^as^^.,.^.^^^ 

84 

^»iM^^jaaa«ai^ä:iaaaiMM.ii,5..... . 



  

However, Judging trm the accuracy of the predicted cancentration profiles 

and the fair agreement of the velocity profiles, it is concluded that the 

present eddy viscosity model is adequate for most engineering problems. 
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7.3  Sample Problem 

In order to illustrate the utility of the computer program the solution 

of a typical air-augmentation problem is presented. Consider a rocket 

motor with the following operating conditions: 

propellant 

nozzle exit radius 

exit velocity 

exit static pressure 

exit static temperature 

density 

Jlach number 

solid (16^ Al) 

0.63 ft. 

5570 ft/sec 

45,000.0 psfa 

4385'H 

0.035 lbm/ft3 

1.5 

The secondary stream is assumed to be air with the foUowing flow condi- 

tions at the exit plane of the nozzle: 

static temperature -   1094oR 

static pressure -   11992 psfa 

velocity -   856 ft/sec 

duct diameter -   2.52 ft. 

It is desired tc perform the calculations over an axial distance of 1.575 

It. The duct is assumed to be constant area. The preparation of the 

input data, presented in Fig. 15, is as follows. 

MIN 

Since the flow properties of the Jet are assumed constant at the nozzle 

exit plane, the value of NMIN is zero. 
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NMAX 

NMAX is set equal to 196, 

KSLIP 

The value of KSLIP is taken to be 

KSLIP = 129 

NS 

The value of NS is arbitrarily taken to be 

NS = 3 

NCHEM 

It is desired to pcrfonn the calculations for equilibrium flow. Thus 

NCHEM = 0 

NCP8 

Since it is not required to employ an additional species, other than 

those specified in the program, the value of NCP8 is 

NCP8 » 0 

NXTAB 

The number of x-values in the XTAB table is 

NXTAB = 6 

INDUCT 

It is desired to input the duct geometry, thus 

INDUCT = 1 

: 
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ISET 

It is desired to continue the run beyond the point where the mixing zone 

crosses the reference streamline, thus 

ISET = 1 

DX 

The value of DX is established from the stability criteria in the following 

manner.    From Eqn.  <*,  95 and 96 the initial value of aX required for 

stability is 

^ X ^    - 
F;.E ("NM/„} 

& KSUP 02- to LC/pr} 

Pft (ssro)'*-  
^7)"* 

=       0'O4 7S   -ft 

The value of ^X is taken somewhat smaller than the above value in order 

to maintain a sufficiently large number of grid points in the mixing 

region (see Section 5.5)-    ThU3 

DX = 0.005 ft. 

XMMX 

The value of XM/VX is 

XMAX = 1.575 ft- 

XPRINT 

The desired increment between printout of data is 

j : 

REV LTR     A 
U3 4288-2000 REV.  1/CS 

1. —     :m-m~ — 

attMüHiiaiili 1 -nr i i      -■■■ 

BOFIVC. NO.     D2-36251-1 

SH. 89 

"■•;-^-"'-"-- 'Hi .,-:.-A.'.->.i'-aB"-^«" .■.J^^-.V-.....».^.^^....^^:..-:^.,.^-. ■.. ,.,;   ..-^..^   ..^.Sltm ̂  



^"^^^^^^■^■i 111   ^——— I ■——I 

0 
XPRINT 0.25 ft. 

RZER01 

Since the static pressure of the secondary stream is considerably less 

than that of the rocket exhaust gases it is desired that the reference 

streamline be located along the plume slipline. Thus 

RZER01 = 0.001.ft. 

RE 

The radius of the nozzle at the exit is 

RE   =   0.63 ft. 

RDZERO 

The initial value of the duct radius is 

RDZERO - 2.52 ft. 

PZERO 

The initial pressure of the secondary stream is 

PZERO « 11992.0 psfa 

DPDXO 

The initial pressure gradient is obtained from the method of characteristics 

program employed to determine the slipline coordinates (5)»    Thus 

DPDXO   =   -800.0 ^sfa/ft, 

DELTA 

The flow is axisymmetric, thus 

DELTA   ■   1.0 

. :'! 
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TESMAX and TESMIN 

The values of TESMAX and TESMIN are taken to be 

TESMAX - TESMIN - 0.000C1 

A. FL. EPSON. FCON 

It is assumed that the eddy viscosity expression is of the form 

^ = ^ X 

Thus, from Eqn. 94 it is seen that 

A = 1.0 

FL " 1.0 

FCON "  0 

The value of EPSON is determined from the equation 

O 
EPSON = «^ = 

^ <r- 

where <r is determined from Figures 6 and 7, and ^ is the average velo- 

U    = 

city between the two streams. Thus 

856 + 5570 
2 

3213 ft/sec 

From Figures 6 and 7 the values of ^K/^   and  oj- are determined to be 

which yields 

Vo-x=  1.2 

Oi- =  15 x 1.2 = 18 ft 

^ =  J213_2 
2 x 18^ 

=  4.95 ft2/sec 
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PRT, yij:TG. FLETP 

These values are assumed to be 

FRT   "   0.8 

FLETG   -   1.2 

FLETP   =   0.6 

YTAP, PTAB.  PTAB 

Th. vslu.. of XIAB ani KTAB are deterMn^ fro. the .«thod of charactorie- 

U« P-o^ (5).    Th. value, of PTAB are the doct radii at the variooe 

XT«-..   For the present problem PTAB i. aseomed oonetant at 

PTAB   =   2.52 ft. 

gg^M, Wft,  TCP8.  CP8 

Sinoe a gen,^ epeci.e ie not requir^ the input for theee parser. 

is omitted. 

cil arid himn 
TH. Mncentration of the e^oiee in th, roo.et e*au,t ar. d.t,™in^ fr» 

„ ^ilihri- th,rmoch»dcal progr» (27).   Th, ..oondary rtr,» i. a. 

sumed to be air. 

^ and V 

The temperatures and velocities are as follows: 

^   -   43850R 

T =   10%eR TNHAX 

U. 

HJ1AX 

5570 ft/sec 

856 ft/sec 

The input form for the above sample PJ 
roblem is presented in Fig. 15. 
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8E10.0 

3E10.C 
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Use 4 »eparete, »heet to ;input the »pecle» concentration for' 
the fl»st eight specie» ^ith N running from NMIN to «MAX. 

-C2. CIO .U 
Use 4  separate  sheet   tolnput   the   last   two species concentration and 
the terperature  and  the X-component of velocity  for N  ri'.'inlng  from 
NHIN.toNnAX. ■  

Input   If 
}«nd only 
If  HH\K 
Is   Input 

> 0. 
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INPUT SHEET 

Air Augmented Rocket Mixing Program 

THE BOEING COMPANY 

Input   If 
and only 
If  MIN 
Is   Input 

UJ 403» eooo 

Figure 15    -    Input Form for Sample 
Problem 
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